A laser is based on the electromagnetic modes of its resonator, which provides the feedback required for oscillation. Enormous progress has been made toward controlling the interactions of longitudinal modes in lasers with a single transverse mode. For example, the field of ultrafast science has been built on lasers that lock many longitudinal modes together to form ultrashort light pulses. However, coherent superposition of longitudinal and transverse modes in a laser has received little attention. We show that modal and chromatic dispersions in fiber lasers can be counteracted by strong spatial and spectral filtering. This allows locking of multiple transverse and longitudinal modes to create ultrashort pulses with a variety of spatiotemporal profiles. Multimode fiber lasers thus open new directions in studies of nonlinear wave propagation and capabilities for applications.
T he modes of a laser resonator are threedimensional (3D) functions that vary along the axis of the resonator, as well as in the two transverse dimensions (1) ( Fig. 1) . Each mode has a distinct resonant frequency (Fig. 1, B and D). In many cases of interest, the 3D modes are separable into so-called longitudinal and transverse modes. If the relative phases of the modes are not controlled, the output is an incoherent spatiotemporal field that results from random interference. The modes can interact with each other in the gain medium and other components of a laser.
The situation can be simplified greatly by restricting operation to a single transverse mode. With the exception of high average power, the best performance for virtually all laser parameterse.g., ultranarrow emission spectra, ultrashort pulse duration, and ultralow noise-is achieved through lasing in a single transverse mode. Operation in multiple spatial modes, by contrast, leads to substantial complexity. Nonetheless, this technique is widely employed in high-average-power lasers, for applications that do not require high temporal or frequency precision or diffraction-limited focusing.
Highly refined techniques have been developed to control the longitudinal modes of a laser. The number of oscillating modes can range from as few as 1 to more than 1 million perfectly synchronized modes in a frequency comb (2) . Considering the pronounced control of the electromagnetic field achieved in lasers with a single transverse mode, the lack of attention paid to higher-dimensional coherent lasing states is conspicuous. Early works did propose locking of transverse spatial modes, as well as transverse and longitudinal modes. Modelocking of this kind was demonstrated with a few modes (3, 4) and has since been observed with two transverse modes of a femtosecond Ti:sapphire laser (5) .
Recent years have seen increased interest in linear and nonlinear wave propagation in multiple transverse modes, particularly in multimode (MM) optical fibers (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) and largely in anticipation of spatial division multiplexing (17) for telecommunications and as a platform for new fiber laser sources. The presence of disorder (through random linear mode coupling) also connects MM fibers to the field of random lasers and, more broadly, to the optical properties of complex media (18) (19) (20) (21) .
Here we employ principles of normal-dispersion mode-locking (22, 23) in space and time-strong spectral and spatial filtering in addition to the high nonlinearity, gain, and spatiotemporal dispersion of the fiber medium-to achieve spatiotemporal mode-locking. The self-organized, mode-locked pulses take a variety of spatiotemporal shapes consisting of many transverse and longitudinal modes.
Lasing modes can interact through the optical nonlinearities of the gain, the saturable absorber, and the fiber medium itself. These effects occur on the time scale of a pulse and thus can couple temporal and spatial degrees of freedom. The slow relaxation of rare-earth gain media introduces an additional layer of temporally averaging nonlinear interactions. To realize the simplest demonstration of highly MM spatiotemporal mode-locking (STML), we began by constructing a cavity with a few-mode, Yb-doped gain fiber (10-mm diameter, supporting approximately three transverse modes) spliced to a highly MM passive graded-index (GRIN) fiber (which supports~100 transverse modes). The use of a fewmode gain fiber provides spatial filtering and forces the laser gain to saturate with the total energy of the coupled modes (in general, a complex combination of the~100 transverse modes). This therefore largely eliminates transverse gain interactions and isolates the key nonlinear interactions involved in passive mode-locking. GRIN fiber is used so that the modal dispersion within the cavity is relatively small and thus of similar magnitude to the chromatic (i.e., longitudinal mode) dispersion. As will be expanded on later, this is an important factor for achieving STML. Excitation of many modes of the GRIN fiber is accomplished by fusing the two fibers with varying spatial offsets. We employ nonlinear polarization rotation as an ultrafast saturable absorber. This cavity is readily modeled by a set of coupled generalized nonlinear Schrödinger equations (GNLSEs) and has the secondary benefit of allowing observation of highly MM modelocking at relatively low laser powers. As a result, the cavity serves as a convenient experimental and theoretical test bed for MM laser dynamics. Simulations reveal a rich variety of stable spatiotemporal pulses (an example is shown in Fig. 2 , A to C, and figs. S1 to S4, whereas others are shown in figs. S5 to S12). These pulses form from noise and take on a variety of different modal compositions.
The straightforward emergence of stable spatiotemporal mode-locking is surprising but can be understood through the comparable dispersion of transverse and longitudinal modes in GRIN fiber-based cavities, as well as the periodic spatial and spectral filtering we employ in the cavity. The formation and stability of these 3D mode-locked pulses is conceptually similar to 1D dissipative solitons and self-similar pulses in singlemode fiber (22, 23) . In these lasers, normal dispersion and nonlinear phase modulation lead to a chirped pulse whose duration and bandwidth grows through most of the cavity. Strong spectral filtering of this chirped pulse reduces the duration and bandwidth and thus allows the pulse to meet the periodic boundary condition of the laser. In the current study, this approach is applied in spacetime: In the MM cavities, the combination of spatial and spectral filtering helps to establish a 3D steady-state pulse evolution with periodic boundary conditions in both space and time (figs. S3 and S4), a crucial aspect of mode-locking. Because in GRIN fiber the magnitude of transverse mode dispersion is similar to that of the chromatic dispersion, coupling between all types of modes is equally strong. Hence, mode-locking in such a 3D cavity generally involves numerous kinds of 3D modes.
Experimentally, spatial and spectral filtering are implemented through the overlap of the MM field with the gain-fiber input and a bandpass interference filter ( fig. S13 ). With suitable adjustments of the filters and wave plates (an experimental algorithm is described in the methods), a variety of highly MM (10 to 100 transverse modes) spatiotemporal mode-locking states can be observed ( Fig. 2 , D to H, and figs. S14 to S16). The typical pulse energies range from 5 to 40 nJ, corresponding to routinely available pump powers and peak powers well below the threshold for end-facet damage. The clearest evidence for spatiotemporal mode-locking is the sudden transition in the spatial, spectral, and temporal properties as we increase or decrease the pump power through the mode-locking threshold. Because we have eliminated laser gain interactions in this cavity, our observations of a different beam profile when mode-locking occurs at slightly higher pump power can only be explained by a spatiotemporal mode-locking transition involving nonlinear interactions between many transverse families of longitudinal modes. Without gain interactions and because the output is taken directly after the passive GRIN fiber, the continuous-wave (CW) spatial beam profile also reveals the active transverse lasing modes in the cavity when the laser is mode-locked. Temporal measurements (such as those shown in Fig. 2 , F and G; figs. S1 and S2; and movie S1) demonstrate that this spatiotemporal self-organization results in single pulses comprising many nondegenerate transverse mode families, as predicted by our simulations.
For understanding and applications alike, it is important to determine whether STML can still occur when slow transverse gain interactions are present. Informed by results from the first cavity, we investigated spatiotemporal mode-locking in a second cavity based completely on a partially graded, highly MM Yb-doped gain fiber ( fig. S17 ). With necessarily weaker spatial filtering and richer mixture of spatial and spatiotemporal nonlinear interactions, theoretical modelling and analysis of this scenario is more complicated than for the previous cavity. Nonetheless, we developed a qualitative spatiotemporal model that incorporates all relevant effects. This model (supplementary text) shows that the key principals of STML carry over from the simpler cavity. With high power, as well as spectral and spatial filtering, we observe many different complex spatiotemporal dynamics in numerical simulations (figs. S18 to S25), including stable mode-locked pulse trains.
We constructed a corresponding laser similar to the previously described cavity, except all of the fiber is the highly MM, partially GRIN Ybdoped gain fiber (Nufern FUD-7005), and spatial filtering is supplemented by an adjustable slit or iris ( Fig. 1F, methods, and fig. S26 ). Above a threshold pump power, STML lasing states are observed ( Fig. 3 ). As the pump power is adjusted, we observe discontinuous changes in the field's spatial, temporal, and spectral properties as the laser undergoes the transition from CW lasing in 10 to 100 transverse modes to MM mode-locking where the output beam comprises~2 to 10 modes. As with the previous cavity, this observation provides strong evidence for STML. Further temporal measurements (Fig. 3, D and E) and additional analysis provide strong evidence that the produced pulses comprise multiple transverse mode families (for further details, see materials and methods and supplementary text).
For this cavity, again a wide variety of different mode-locked states are observed for different configurations (fig. S29 ). However, the minimum power for which mode-locking occurs in this laser corresponds to intracavity powers >100 kW. Consequently, systematic exploration of this laser and future engineering of practical instruments will require application of known techniques for avoiding fiber damage. Furthermore, direct measurements of the 3D field will be an important step for increased understanding of STML. Ongoing developments in this direction are promising (24) .
Investigation of 3D mode-locking will connect scientifically to areas well beyond short-pulse generation. The dimensionality and controllable dissipation and disorder make consideration of wave turbulence and condensation (25, 26) especially interesting. With longer or suitably designed fibers, disorder can be introduced controllably, thereby bridging the gap to random lasers and allowing exploration of the entire parameter space of MM lasing (19, 20) . Although disorder is weak in the present work, recent research indicates that MM self-organization may be robust to disorder (12) (13) (14) (15) (16) . This will be important for applications, which will ultimately require environmental stability. In addition, mode-locked lasers are closely related to coherently driven microresonators, where the influence of higher-order transverse modes is starting to be considered (27) (28) (29) . Spatiotemporal mode-locking and related phenomena should be possible in these systems and should provide new features for frequency comb applications.
MM mode-locked lasers have considerable potential for high performance. Initial results obtained with the second cavity (150-nJ and 150-fs pulses, for~1-MW peak power and~10-W average power) already rival the best achieved with flexible, large-area single-mode fibers (30) . With larger fiber-core areas, we expect that, in principle, scaling of pulse energy by more than two orders of magnitude will be possible (figs. S20 and S21). At the highest pulse energies, simulations predict the emergence of a stable MM Gaussian output beam, which will be useful for applications ( fig. S18 ).
Exploration of the full scope of MM modelocking will require developments on several Wright (H) Pulse train measured using a photodiode with a~40-ps resolution. The MM beam in (E) corresponds to a single pulse that comprises >10 locked transverse modes, with no CW background. This figure is extended in figs. S1 to S4. Real-time acquisition of the experimental measurements, additional demonstrations, and animations of the numerical results are shown in movie S1. All mode-locked states examined in this manuscript are self-starting.
